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movement of AAT still occurred. Furthermore, phenylsuccinate, a non-permeant, non-metabolizable analogue of succinate also triggered externalization of the enzyme.
(b) Translocation does not require the modification of the primary structure of 'mobile' AAT.
After externalization, AAT was purified, labelled with I z 5 I and internalized into mitoplasts, after which it was reexternalized by addition of succinate. In these three situations (out, in, and out of the mitoplast), the molecular weight of AAT was compared by gel electrophoresis. The results clearly show no difference of apparent molecular weight. A configurational modification induced by the environment might thus be responsible for the reversible movement of protein.
(c) The driving force for this protein movement may possibly be the chemical potential of the interacting membrane components and translocating protein as modulated by the presence or absence of movement effectors (specific molecules, salts, pH, etc.) . This is best illustrated by the experiments of Furuya et al. (1979) in which it was shown that mitochondrial AAT becomes latent and nonaccessible to proteases, and thus probably internalized, when incubated in the presence of negatively charged liposomes but not in the presence of positively charged ones. As for the mechanisms involved in reversible or vectorial internalization of protein, a general mechanism has recently been proposed. It suggests that the primary event in insertion of proteins into and translocation through membranes could be the spontaneous hydrophobically driven partitioning of a helical hairpin into the membrane bilayer (Engelman & Steitz, 1981) .
Discussion
Thus the result of the interaction between the inner mitochondrial membrane and a molecule such as succinate leads to the reorganization of the membrane and eventually to the reversible translocation of AAT, MDH, etc. The reversible translocation which was demonstrated for AAT is different from those involved in protein secretion, membrane biogenesis and toxin action, in that it is reversible, nonvesicular, involves mature proteins and does not seem to require either the hydrolysis of an energy-rich bond nor the modification of the primary structure of the proteins involved.
Although no precise function has been attributed so far to this phenomenon, a few hypotheses can be forwarded for its putative r6les. These r6les are eventually to be found in the high informational potential of proteins. These potentials are not only a result of the protein's primary structure, but are also contained within its numerous possible configurations. Thus the transitory presence of a protein in a biological compartment could have profound consequences on both the metabolic and informational contents of that compartment (Waksman, 1983) .
In the case of the mitochondria the fact, for example, that AAT and MDH are able, under given conditions (presence of some dicarboxylic acids in the environment), to move towards the intermembrane space, will perturb the 'normal' function of the malate-aspartate shuttle (A. Rendon, personal communication). Furthermore, the existence of a mobile succinate-binding protein whose presence in the intermembrane space is linked to the external presence of succinate could be involved in one of the steps of succinate transport (Cremel, 1977) .
In more general terms, reversible protein movement could be related to signal recognition by membranes and transfer of this information from plasma membrane to nucleus via local membrane reorganization and release of informational proteins. These would in turn act either directly or indirectly on intermediate structures or the nucleus to contribute to intracellular or intraorganellar homoeostasis. These hypotheses point towards the future direction of our research.
We wish to thank D. Filliol Transport of mature proteins into isolated mitochondria: a model system to investigate mitochondria1 biogenesis chondria. The majority of these proteins are synthesized as precursors of molecular weight greater than those of the mature forms and transport into the mitochondria is either accompanied by or is followed by proteolytic processing (for recent reviews, see Doonan et al., 1984; Schatz & Butow, 1983) . Proteins synthesized in rat liver as precursors of higher molecular weight include mitochondrial aspartate aminotransferase (Sakakibara et al., 1980) and malate dehydrogenase (Aziz ct al., 1981) . We have shown, however, that in both these cases the mature isoenzymes are taken up into mitochondria in uitro; this raises interesting questions about the rBle of the extra piece of amino acid sequence, known to be N-terminal in the case of aspartate aminotransferase (Sannia et al., 1983) , in the compartmentation process in uiuo. We review here the model systems used, the results obtained from their use, and the implications of these results for the process of transport of proteins into mitochondria in viuo.
Model systems
For both isoenzymes methods have been developed in which the intramitochondrial activity is measured in intact mitochondria and the increase in this activity is determined after incubation of the organelles with purified native isoenzyme (Marra et al., 1977; Passarella et al., 1980) . For aspartate aminotransferase, the mitochondria are loaded with aspartate after which addition of 2-oxoglutarate to the mitochondrial suspension and its translocation into the organelles provides the substrate pair for the enzyme. Enzymic action generates oxaloacetate as one product and this is reduced by NADH catalysed by endogenous malate dehydrogenase; the observed parameter is then the decrease in fluorescence of NADH, the rate of decrease being equal to the rate of aminotransferase action. Extensive evidence has been provided that aspartate aminotransferase action is the rate-limiting step in the total assay system (Marra et al., 1977) . In the case of malate dehydrogenase the assay is in principle easier since oxaloacetate transported into the mitochondria is directly reduced by NADH catalysed by the enzyme of interest. There is a complication, however, in that the translocation of oxaloacetate into rat liver mitochondria is slow and it is necessary to partially inhibit the intramitochondrial enzyme activity with sulphite if substrate translocation is not to be rate-limiting . Again, under these conditions, the rate of decrease of fluorescence of NADH measures residual malate dehydrogenase activity.
For both isoenzymes, then, the procedure is to measure intramitochondrial enzyme activity as described and then to repeat the determination with a sample of mitochondria to which purified isoenzyme has been added externally.
In the case of aspartate aminotransferase, an alternative method was developed using radiolabelled isoenzyme. Here, the radioactivity incorporated into the mitochondria is determined providing a direct measure of uptake into the organelles (Marra et al., 1978) . This method is more direct but less easy to perform than the procedure involving enzymic activity estimations. Recently, proof has been obtained that the radiolabelled isoenzyme becomes internalized (O'Donovan et al., 1984). After incubation with isoenzyme, the mitochondria were isolated, treated with trypsin to remove isoenzyme externally bound (see below), lysed, and the lysates run on polyacrylamide gels in the presence of sodium dodecyl sulphate. Autoradiography of the gel showed the presence of radiolabelled isoenzyme.
Results

Selectivity of import.
For both aspartate aminotransferase and malate dehydrogenase uptake into mitochondria is selective in that the mitochondrial isoenzyme is imported whereas the cytosolic isoenzyme is not. Apart from the fact that this mirrors the situation in uiuo, the selectivity is important for two reasons. Firstly, it holds out the prospect of accounting for selectivity of compartmentation of the isoenzymes in terms of differences in their structures. Secondly, it provides an important validation of the methods involving activity measurements used to determine uptake. Obviously enzyme and substrates remain outside the organelles during the assay and it could be argued that the measured increase in rate of change of fluorescence of NADH is in some way due to reaction occurring in the incubation medium. This cannot be so given that cytosolic isoenzymes in the incubation medium have no effect on the rate of change of fluorescence.
2. Rate of import. Uptake of the isoenzymes is rapid. Kinetic studies have shown that the process is pseudo-firstorder in both cases with half-lives of about 0.25min (S. Pasarella, E. Marra, S. Doonan, C. Saccone & E. Quagliariello, unpublished work) . This at first sight appears to be very fast, but recently the rates of import of precursors into mitochondria in uivo have been determined and halflives of the order of 1 min obtained (reviewed by . Hence in this respect our model system again reflects the process occurring in uivo. In contrast, in many experiments where the fate of precursor proteins synthesized in cell free systems to which mitochondria were subsequently added has been studied, uptake was remarkably slow thus casting some doubt on the validity of these latter systems as models for the process in uiuo .
3. Saturation of import. Uptake of both isoenzymes shows a hyperbolic dependence on the amount added externally. The amount of isoenzyme imported at saturation varies depending on the particular sample of mitochondria used but may be as high as 50-l00% of the amount present in the organelles originally (Marra et a[., 1977) . The amount of aspartate aminotransferase imported depends on temperature, the plot of the log of the uptake against the reciprocal of absolute temperature showing a break at about 20°C suggestive of a dependence on membrane fluidity (Marra et al., 1978) .
4. Energy dependence of uptake. Both isoenzymes require an energized inner membrane for import into mitochondria (Passarella et al., 1982 (Passarella et al., , 1983 . Use of ionophores under carefully controlled conditions showed that uptake depends on the maintenance of a transmembrane electrochemical gradient and in particular that it is the ApH component of the gradient not A$ (in the terminology of Mitchell, 1968) which is involved. These results in particular show the value of a model system in which conditions such as ion concentrations can be closely controlled for studies of protein import into mitochondria.
Effetts of chemical modijication of the isoenzymes.
Again, model systems are of great value in the sense that large quantities of pure isoenzymes can be obtained and hence it is fairly simple to investigate the effects of chemical modifications on the uptake process. Aspartate aminotransferase from rat liver contains a single sulphydryl group (probably cysteine-166) accessible to reagents in the native isoenzyme. Reaction of this group with mercurials such as mersalyl completely blocks import into mitochondria (Marra et al., 1979~) . Similar effects are seen with malate dehydrogenase, although it is not known in this case whether blockage of one or a small number of protein thiols is involved (Passarella et al., 1983) .
A rather different type of chemical modification has been carried out with aspartate aminotransferase (O'Donovan et al., 1984) . The N-terminal24 or 29 amino acid residues can be specifically removed by treatment with trypsin as previously shown for the chicken heart enzyme by Sandmeier & Christen (1980) . Although the proteolysed enzyme retains several characteristics of the native form it is not imported into mitochondria neither does it inhibit uptake of the native form. This implies an involvement of the N-terminal segment of the mitochondrial isoenzyme in uptake into mitochondria consistent with the very high degree of conservation of this region of the protein during evolution (Bossa et al., 1981) .
Finally, it has been shown (O'Donovan et al., 1984) that chemical cross-linking of the two subunits of aspartate aminotransferase prevents import into mitochondria. This suggests that import in our model system involves the monomeric form of the enzyme but the evidence cannot be considered conclusive. In the case of malate dehydrogenase, however, independent evidence is available to show that the enzyme is monomeric under the conditions used in our experiments (Webster at al., 1979).
6. Receptors j b r uptake. The effect of blockage of isoenzyme thiols on uptake into mitochondria (see above) suggested to us that receptors for uptake exist in the mitochondrial membrane system and that interaction of isoenzymes with the receptors involves thiol groups in the former. Further evidence for this was obtained from experiments on the effect of j-mercaptoethanol on the uptake process. Import of both isoenzymes was inhibited but the characteristics of the inhibition were different in the two cases (S. Passarella, E. Marra, S. Doonan, C. Saccone & E. Quagliariello, unpublished work). Inhibition was competitive with aspartate aminotransferase but was of a mixed type with malate dehydrogenase. Similarly uptake of the former was more sensitive to j-mercaptoethanol than was uptake of the latter. These results give support for the existence of receptors but suggest that the two isoenzymes either use different receptors or interact in different ways with the same receptor.
Evidence for the former possibility was provided by measurements of the kinetics of inhibition of uptake of one isoenzyme exerted by the other (S. Passarella, E. Marra, S. Doonan, C. Saccone & E. Quagliariello, unpublished work). In both cases, the inhibition was approximately uncompetitive. These results are consistent only with a model in which the two isoenzymes have separate but interacting binding sites; a detailed analysis of the kinetics will be presented elsewhere. The site of these receptors is not known with certainty but we find that uptake of isoenzymes into mitoplasts is indistinguishable from uptake into native organelles, thus implicating the inner membrane.
7. External binding to mitochondria. Using radiolabelled aspartate aminotransferase it has been shown that the isoenzyme interacts with mitochondria in two distinct ways (Marra et al., 1978) . In media of moderately high ionic strength only internalization is observed whereas at lower ionic strength both uptake and binding to the outer face of mitochondria occurs. These are clearly distinguishable. For example the compounds tetraphenylboron and bromothymol blue decrease external bonding but not import (Marra et al., 19796) . Moreover iternalized enzyme is rendered insensitive to proteases whereas externally bound enzyme is not . Of particular interest is the observation that externally bound enzyme was very much more sensitive to proteases than was the enzyme in free solution. This suggests that external binding to organelles is accompanied by a conformational change in the enzyme. We had previously thought that external binding was a non-specific electrostatic interaction between the basic isoenzyme and the negatively charged membrane. However, the enzyme from which the N-terminal segment has been removed (see above) fails to bind externally even though it is as basic as the native form. Hence external binding may be a step on the import pathway.
Conclusions
Uptake of native mitochondrial aspartate aminotransferase and malate dehydrogenase into mitochondria has been established and the process resembles that occurring in r i m in that it is specific (the cytosolic isoenzymes are excluded), the isoenzymes reach their correct destinations (otherwise uptake would not be detected by the methods based on activity measurements), the process is rapid, and uptake depends on a transmembrane electrochemical gradient the ApH component of which is the essential factor VOl. 12 (this last point has yet to be demonstrated for uptake in rizw). Little can as yet be said about the translocation across the membrane system. Distinct but interacting receptor sites mediating uptake of the two isoenzymes appear to exist, these receptor sites probably being on the inner membrane. External binding of aspartate aminotransferase to mitochondria, which is probably a step on the import pathway, leads to a conformational change as judged by considerably increased protease sensitivity. A similar change may occur with malate dehydrogenase (Webster et al., 1979) . Binding and/or uptake probably result from multiple interactions with the mitochondrial membrane system involving in the case of aspartate aminotransferase at least the N-terminal segment and cysteine-166.
In the light of the above, what r d e remains for the prepieces of the precursors of aspartate aminotransferase and malate dehydrogenase in uptake into mitochondria? The pre-pieces clearly do not serve an essential function in transmembrane movement since uptake of native isoenzymes occurs. They may function in maintaining the appropriate conformation for interaction with the mitochondria but our results would require that this conformation is readily attained by the native isoenzymes. They may function to prevent premature assembly into dimeric structures in the cell cytosol; the N-terminal region of mitochondrial aspartate aminotransferase is essential for stabilization of the dimeric enzyme (Ford el al., 1980) . It seems more likely, however, that the pre-sequences act as addressing signals in ritio, directing the newly-synthetized isoenzymes to the mitochondria rather than to other membranous structures; this problem of selection of target membrane does not exist in our model system. Thus we would suggest that, at least for the isoenzymes studied by us, the pre-piece is involved in directing the precursors to the mitochondria whereas transport through the mitochondrial membranes is mediated by internal regions of the proteins, these latter interactions being equally manifested in the native proteins. The chemiosmotic hypothesis is approximately 20 years old. It has been enormously useful, since it has offered a perspective from which we were able to ask questions never asked before. For the first time proton as well as other ion fluxes through membranes were examined from the common point of view of energy transduction. Despite this usefulness, the time has come to examine the tenets of this hypothesis in light of the available data and decide which ideas are still useful and should be retained and which have not withstood the test of time and should be discarded.
It is clear that ion fluxes and proton fluxes must be fundamental processes in energy transduction. To argue otherwise would be foolish. However, it is equally clear that a central role of the electrochemical proton gradient, the socalled 'protonmotive force' is not substantiated as a general, primary mechanism of energy transduction in mitochondria. Data which will be presented here indicate that the two proposed components of the protonmotive force, i.e. the proton gradient and the electrical potential across the mitochondrial membrane, do not play a significant role in energy transduction.
The various values for the difference in pH between the inside and the outside of mitochondria obtained in several laboratories show that the proton gradient alone does not have a significant role (e.g., Addanki et al.. 1968; Rottenberg, 1973; Kinnally & Tedeschi, 1976; Ogawa etal., 1980; Dodgson et al., 1982) . Below we report similar values for giant mitochondria using a technique involving the micro-injection of a fluorescent pH indicator. It is obvious that at least in rat-liver mitochondria a role of the proton gradient would be limited to providing no more than about 10% of the necessary protonmotive force. Therefore, if the protonmotive force plays a role in energy transduction, a large metabolically induced membrane potential must be present. However, to our knowledge, there is no evidence at this time for a significant membrane potential in mitochondria.
In the most frequently used approach, the potential is calculated from the distribution of ions of strong acids or bases, most frequently cations. Since the responses of electrochromic dyes depend on their distribution, and they are charged, any criticism of the use of ionic probes applies to the electrochromic dyes as well. These probes can be and have been used successfully to calculate electric potentials across membranes in other systems and the approach is valid as long as the distribution depends solely on these potentials. In mitochondria, however, all indications are that they distribute by a distinct alternative mechanism. For most cases, it looks likely that the influx of one charge corresponds to the efflux of one H + (Tedeschi, 1981) . In some cases, the value is not exactly one. Many investigators (e.g. Mitchell & Moyle, 1967; Brand et al., 1976; Azzone et at., 1977) have argued that this is the consequence of the secondary entry of anions of weak acids such as succinate.
The two possible mechanisms, an electroneutral and a membrane potential induced distribution, are mutually exclusive. The evidence indicates that it is the electroneutral mechansim which is responsible for the distribution of the probe molecules.
New approaches
ATP synthesis coupled to K + influx. There are entirely different experiments which have a bearing on this question. Under some conditions, for example in swollen mitochondria in the presence of valinomycin, the net efflux of K + requires an expenditure of energy (Azzi & Azzone, 1967; Azzone et at., 1976 Azzone et at., , 1978 Brierley et at., 1977) . Considering that most cation active transport systems have been found to be reversible, we reasoned that under these conditions, it should be possible to couple the influx of K + to ATP synthesis, and this was, in fact, found to be true (Kinnally & Tedeschi, 1982) . Since the synthesis takes place at high external K + concentration, while the swollen mitochondria are partially depleted of K +, a diffusion potential, if present, would be positive inside rather than negative. Furthermore, the conditions of the experiment make it unlikely that a proton gradient is formed, since the phosphorylation was found to be insensitive to protonophoric uncouplers. In fact, approximately one H + is taken up per ATP synthesized, close to what is required from the stoichiometry needed for the synthesis of ATP from ADP and Pi in the absence of a chemiosmotic mechanism. These results are difficult to explain with a chemiosmotic model and they definitely are not in harmony with a mechanism requiring the presence of gradients in the bulk phases of the system Experiments with giant mitochondria. The availability of giant mitochondria has permitted the use of micromanipulation to study mitochondrial energy transduction. The most commonly used preparation can be obtained from the liver of cuprizone-fed mice (see Bowman & Tedeschi, 1983) . The mitochondria have been found to be well coupled (Suchy & Cooper, 1974; Wakabayashi et a/., 1975) and to behave conventionally in relation to oxidative phosphorylation.
In studies which have already been reported (for a review see Tedeschi, 1980 Tedeschi, , 1981 , the electric potential across the membrane measured with microelectrodes in either mitochondria or mitoplasts was found to be small and inside positive. The microelectrodes have been shown to be in the inner space by a variety of criteria and most clearly by the electrophoretic injection of the water soluble dye Lucifer Yellow CH (Bowman & Tedeschi, 1980 , 1983 . Furthermore, impaled mitochondria were shown to function comparably with non-impaled mitochondria in terms of ATP synthesis (Maloff et al., 1978; Bowman et al., 1978) or the massive accumulation of calcium phosphate (Maloff et al.,
